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SECTION 1 
INTRODUCTION 
The work to be reported here is an extension of the studies initiated under NASw-750 which 
led to the development of a molecular beam apparatus for the experimental investigation of 
momentum transfer between neutral particles and solid surfaces. Here, in the second phase, 
the scope of the investigation was broadened to include (1) higher beam energies, (2) varying 
angles of incidence, (3) wider selection of surface conditions, and (4) measurements of the 
spatial distribution of the reflected particles. 
In this program, surfaces of technical interest were investigated, i. e. , rough, contaminated 
surfaces in addition to the somewhat idealized smooth, clean cases. The objective is to 
obtain data which has application to practical situations, e. g. , the calculation of drag, a s  
well a s  the idealized cases which a r e  primarily of theoretical interest. 
SECTION 2 
BACKGROUND 
The energy and momentum exchange which occurs when an individual molecule interacts with 
a solid surface is a matter of considerable scientific and practical interest. Some thermal 
accommodation data a r e  available from studies employing solids whose surface states were 
well enough known to attempt theoretical correlations with gas molecule-solid surface forces 
and solid-state properties of the lattice. On the other hand, measurement of momentum 
exchange is capable of giving more detailed information regarding the molecule-surface inter- 
action process than the measurements of thermal accommodation, which comprise the bulk 
of measurements made to date, particularly if the distribution of scattered particles is also 
known. 
Data concerning momentum exchange between individual molecules and solid surfaces a r e  
basic to the understanding of atmospheric drag on artificial satellites of the earth and other 
planets. (2) Although a i r  drag on earth satellites has customarily been neglected above a few 
hundred miles altitude for most calculations of satellite trajectories, these effects can be- 
come important for problems of relative motion between neighboring satellites, for forces 
and torques acting on large space structures, and for satellites designed for extremely long 
lifetimes. Drag forces which may be negligible for the problem of computing the position of 
the satellite may become important when discussing the relative motion of two neighboring 
satellites with large differences in cross section or mass,  where slight differences in drag 
may have a major effect on the relative motion. Such effects may already have been en- 
countered in the case of multiple satellites launched from the same booster. (3) Although for 
such practical problems it would be most useful to know the momentum accommodation 
between atmospheric species and technical surfaces, so  little data exist that it will be neces- 
sary  to f irst  make measurements under highly controlled laboratory conditions where the 
molecular species and surfaces a r e  precisely known. Thus, some of the important systematics 
can be established before more complicated problems such as  momentum exchange involving 
excitation of diatomic molecules, contaminated surfaces, etc. can be successfully attacked. 
Another area  in which increased understanding of the interaction between high velocity mole- 
cules and surfaces is important is in satellite instrumentation for measurements of pressure 
and composition. Here i t  would often be useful to know, for  example, the loss in molecular 
speed after a single collision within the instrument or  the speed with which molecules leave 
the vicinity of a spacecraft after collision with the spacecraft surface. Knowledge of the 
energy accommodation at  high molecular velocities is also necessary to predict gaseous heat 
transfer to instruments or space vehicles operating at  relatively low altitudes. Work to date 
has led to the development of a molecular beam apparatus and the associated balance 
apparatus for  the experimental investigation of momentum transfer between neutral particles 
and solid surfaces. The beam is produced in a cryogenically pumped vacuum system using 
a 2 kw helium refrigerator operating a t  16 '~ .  Under steady-state conditions, the pumping 
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speed a t  10 torr  is in excess of 10 litres/sec. This vacuum system contains equipment 
for producing nozzle beams from a gas source which can be operated between 78 and 2 6 0 0 ' ~  
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and a torsion balance with a sensitivity of 10 dynes for measuring momentum exchange. 
The calculation of momentum accomn~odation coefficients is calculated from two basic force 
measurements. One is obtained from the interaction of a directed beam with the surface of 
interest and the second from a "virtual surfacer1 designed to affort complete energy and 
momentum accommodation for the same incident beam. This virtual surface is defined by 
the area  bounded by the periphery of an opening to a cavity which otherwise is closed. Nearly 
all incident beam particles accommodate completely to the temperature of the enclosure since 
they must make many collisions with the walls before effusing back through the opening. It 
is assunled that the effluent particles leave the cavity with a cosine distribution. A l l  force 
measurements a r e  made at  null displacement. The restoring torque is supplied by an external 
magnetic field acting on a small bar magnet. The force required to maintain a null position 
is measured in terms of the current passing through the Helmholtz field coils. The experi- 
mental surface is prepared, -- in situ, by vapor deposition from an oven enclosed in the vacuum 
system. A s  previously reported under NASw-750, exploratory measurements have been made 
of the normal nlomentunl transfer coefficients for A r  on vapor-deposited gold and A r  on un- 
treated mica as  a function of source temperature. 
SECTION 3 
APPARATUS 
During the period of this contract, basic changes were made in the design of the momentum 
balance and additional apparatus was installed to measure flux distribution of the reflected 
particles. 
3 .1  NEW BALANCE SYSTEM 
Previously, all force measurements were made with a double balance arrangement. One 
balance was used for beam-target interaction measurements and the other carried a cavity 
for making reference measurements at unit accommodation. The main limitation of this 
system was that observations were restricted to normal incidence. To investigate momen- 
tum transfer a t  various angles of incidence, a method for rotating the target was devised. 
This arrangement (see Figure 1) also made it possible to combine the target and cavity into 
a single structure, thus eliminating the need for a second balance. This simplification also 
enhances the accuracy of the measurements since it is  no longer necessary to know the 
relative values of the individual balance constants. 
The target-cavity structure i s  a rectangular parallelepiped (2.2 cm long x 1.0 cm wide x 
1. 0 cm deep) with a circular opening, 0. 64 cm diameter, in the center of one face. The 
target substrate i s  a mica, lamina 0. 01 cm thick mounted on brass plate (0.02 cm thick) by 
metal clips. The other five walls of the cavity structure are made from 75 1.1 stainless steel 
foil, spot welded at the seams. The balance i s  suspended by an 18 P tungsten filament 10 
cm in length. When the beam enters the cavity through this aperture, the incident molecules 
will make many collisions with the interior surfaces before escaping. If, (1) the total sur- 
face area to aperture ratio is large, (2) the diameter of the aperture is large compared with 
the material thickness at the periphery, and (3) the mean free path of the molecules within 
the cavity i s  much larger than the physical dimensions, then the molecules will leave the 
cavity effusively and with a cosine distribution. In effect, the aperture will behave a s  a 
virtual surface with unit accommodation. 
The torsion balance itself is shown in Figures 2 and 3 for both the box normal and target 
normal positions. A copper-constantan thermocouple i s  spot welded to the interior of the 
box and the two leads are brought out to sleeves A and B which are  otherwise electrically 
isolated from a common shaft by Lexan bushings. This shaft passes through a fixed tubular 
section, C, and carries an arm for the angular positioning of the target. 
The angle of incidence (i. e. , angle of attack) is changed by rotating the target assembly. 
To do this i t  is necessary to cage the balance. A caging fixture, Figure 4, which is raised 
by an eccentric cam first engages the two locating cylinders, thus preventing all motion 
transverse to the balance axis. As the fixture continues to move upwards, the cross arm i s  
engaged by two V-shaped hooks which act as a cradle. The final portion of the caging cycle 
lifts the whole balance about one millimeter, thus producing slack in the suspension to pro- 
tect i t  from any mechanical disturbance. The eccentric cam is driven by 6 rpm induction 
timing motor with a built-in magnetic brake. Two cams mounted on the driving shaft operate 
switches which automatically stop the motor in either the caged or uncaged position once the 
circuit has been closed by an external override control. Since the ambient temperature in 
0 
the cryo-chamber is of the order of 15 K, the motor, clutch, and gear train must be heated 
to function. Nichrome resistance wire embedded in asbestos is  used to cover the motor 
0 
casing to maintain a temperature in the range of 260 to 270 K. This requires a power input 
of approximately 7 watts. The motor that drives the target positioning arm is also provided 
with a heating jacket. The use of Teflon bearings in the right angle gear train ensures low 
frictional resistance, even at the lowest temperatures and pressures. The target can be set 
at any desired angle of incidence; however, for convenience three cam switches a re  provided 
to establish the most commonly used angles, i. e. , box normal and plate normal with respect 
to the beam, and plate parallel to the exit aperture of the gold vapor source. The target 
temperature is determined while in the caged position by making contact with the thermo- 
couple leads through the two supporting hooks. 
The complete assembly, including the motors previously described and all other auxiliary 
con~ponents, is  shown in Figures 5 through 7 mounted on a bench test stand. The major 
items are  labeled and for the most part are self explanatory. All force measurements are 
made in terms of the field coil current required to bring the galvanometer light spot to a 
reference position on the ground glass scale, at which point the cross arm of the balance is 
normal to the beam axis. Although the original balance was provided with a damping mech- 
anism, this was subsequently eliminated when tests showed that observations could be taken 
more rapidly and accurately without it. 
To the extent that the primary objective of the experimental program i s  to obtain ratios of 
the force exerted on the target plate (for varying angles of incidence) to that exerted on the 
cavity, no calibration i s  necessary. All mechanical and geometrical constants cancel out 
in the ratios. However, if one wishes to know the magnitude of the incident flux, then a 
calibration must be made. For this reason, and in the interests of a complete experimental 
evaluation of the apparatus, the various constants were determined as follows: 
The torsional spring constant, k, of the suspension is determined prior to installation. Each 
end of the filament is spot welded to a metal tab for mounting purposes. One tab is fastened 
to a support and the period of oscillation, T due to the other i s  noted. Then a slender rod 
0' 
of mass,  M, and length, L, i s  fastened horizontally at the midpoint to the lower tab and the 
new period, T i s  determined. From these data k can be calculated, i. e. , 1' 
Next the balance is assembled and the incremental displacement, AD, of the light spot is 
measured as a function of field coil current, AI. If the angular displacement is small, the 
ratio AD/AI should bct a constant, say C This is found to be the case. From the geome- 1' 
try of the apparatus the angular displacement corresponding to AD can be determined, thus 
we have another constant, C If the moment arm, measured from the balance axis to beam 2' 
axis, is  &, then the relationship between the force on the target and restoring current I is 
given by 
which in dimensional form is: 
dyne - cm 
F ( d w s )  = (E). ($). ( rad ). ($&ma) 
Typical values for  these constants a re  -C = 0.13 cm/ma, C = 0.0198 rad/cm, k = 0. 13 1 2 
dyne cm/rad, and & = 2.22 cm. For  a representative situation we have 
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where the sensitivity is of the order of 10 dynes. 
The target is maintained at  a constant temperature by a 650-watt quartz projection lamp. A 
massive copper housing is provided to shield the cryogenic surfaces from the excess radia- 
tion and to act a s  a heat sink. 
3.2 FLUX PROBE 
Prom measurements of the force exerted on the target surfaces at various angles of inci- 
dence, i t  became apparent that the null balance conditions were not compatible with a Knudsen 
flux distribution for the reflected particles. This was found to be the case for nearly all 
grazing angles and in .many instances for normal incidence as  well. Clearly, the next step, 
from both experimental and theoretical points of view, was to ascertain the shape of the dis- 
tribution. This information i s  needed for  comparison with the findings of other investigators 
who have been involved primarily with the measurement of distributions per - se. It would be 
highly desirable to obtain in a single experiment both the shape of the distribution and the 
integrated momentum transfer rate. To this end, a probe has been constructed for  mea- 
suring flux both in and out of the plane which includes the surface normal and beam axis. 
The pressure probe arrangement shown schematically in Figure 8 allows measurements to 
be taken about two axes. The axis A-A' (which is coincident with the balance cross arm) i s  
mutually perpendicular to the beam axis and the normal to the target surface. Rotation 
about B-B1 provides for the out-of-plane measurements. The geometry is such that the axis 
of the probe always passes through a fixed point in the target surface regardless of the rota- 
tion about A-A' o r  B-B'. These angular displacements are designated by @ and $ respec- 
tively. Angle O i s  taken as zero when the probe is in the beam axis looking in the direction 
of the beam. Al l  values of @ between 14 and 180 degrees are accessible, the smaller angle 
being determined by the dimensions of the probe itself. Out-of-plane measurements, 4 ,  can 
be made within the range of 0 to 30 degrees. Both the O and 4 positions can be changed con- 
tinuously during the course of the experiment. 
For source pressures at which we desire to operate, i. e. , 30 to 50 torr ,  the beam intensity 
at the target, I should be approximately 2 x lo1* mol/sec according to previous calculations. 
t' 
Assuming diffuse reflection, the number of particles entering the probe orifice area, A 
P' 
will be 
where f is  a geometrical parameter related to the view factor. Thus for d equal to 3 .2  c ~ i  
we have 
The pressure within the guage can be estimated by considering the probe as an extension of 
a Knudsen oven. Applying the conservation of mass flow in both directions through A 
P' 
0 
where p and T a r e  the gauge pressure (torr) and temperature ( K) respectively. M is the 
P 
molecular weight and I< is the Clausing factor. Combining Equations 2 and 3 we obtain 
0 for M = 40 and T = 200 K. 
P 
Reasonable estimates for f and K are  0. 5 and 0.2 respectively, thus the signal level should 
- 7 -10 be of the order of 10 torr.  Since a background pressure of 10 to r r  can be maintained 
in the cryogenic vacuum changer under steady-state beam conditions, this signal should be 
adequate. Attempts to raise the temperature of the enclosure a re  likely to be self-defeating 
because of outgassing. Since the latter might well increase at a more rapid rate then the 
signal level, a fairly low value of T is chosen. 
P 
3 . 3  ACCOMMODATING SURFACES 
If it were possible to find a fully accommodating surface to replace the cavity o r  "momentum 
trap, a considerable experimental simplification could be effected. Not only is the cavity 
structure awkward because of the volume it occupies but it also makes a major contribution 
to the moment of inertia of the balance system. The purpose of this experiment was to 
ascertain the accommodating coefficients, a ,  for several rough, dirty surfaces with the 
object of substituting one of them for  the cavity presently used. 
A cavity with a hexagonal cross-section, Figure 9,  was substituted for the rectangular box 
used in previous experiments. The basic structure was made of 1/2-mil stainless steel,  
spot welded at  the seams. Test surfaces were mounted on four of the faces while the two 
remaining ones, diametrically opposed, were used for the beam aperture and mica window, 
the latter being installed for purposes of alignment. Three of the test surfaces were metal, 
i. e. , aluminum, brass, and beryllium copper, while the fourth was of colloidal silver 
painted on a mica lamina. Only conducting surfaces were used in order to avoid the accumu- 
lation of static charge, a problem encountered in the past with dielectric materials. The 
metal target surfaces were roughened by a liquid honing process which produces a matte 
finish similar to sand blasting. The scale of roughness, measured optically, was of the 
order of 5 microns. Except for the hexagonal cavity, no other changes were made in the 
balance system. 9 
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SECTION 4 
EXPERIMENTAL RESULTS 
Momentum exchange data for argon and krypton, impinging a t  various angles of incidence 
on clean gold surfaces, a r e  presented in Figure 10. (A single point for nitrogen is  a lso  given 
for normal incidence.) No attempt was made to form extended crystalline formations. It 
appears that, on a macroscopic scale a t  least,  the target material is in an amorphous state. 
In all  cases,  the component of force parallel to  the beam i s  measured, i. e . ,  the drag, F@ 
for any given angle of incidence, C3. It  i s  convenient to express these forces in te rms of a 
dimensionless parameter R defined by the ra t io  F /F where F is the force exerted on 0 6 c c 
the cavity. Furthermore, in dealing with R all  mechanical and geometrical constants of 0' 
the apparatus cancel out. 
In general, data were taken withing the following ranges of operating conditions: (1) source 
0 0 
temperature 280 to 2000 K, (2) surface temperature 210 to 250 K and (3) angles of incidence, 
mostly 0, 45, and 72 degrees with some data a t  30 and 60 degrees. Data were limited to 
0 
source temperatures below 1540 K due to distortion of the tantalum resistance heater arising 
from unforeseen s t resses .  Additional data a r e  given in Table I. 
Momentum exchange data for argon and krypton incident on clean silver surfaces a r e  given 
in Figure 11 for several  angles of incidence. Some discrete points for nitrogen-silver and 
argon-mica interactions a r e  also shown. 
Unlike the optically smooth surfaces previously generated with gold and aluminum, the silver 
deposit appeared to be quite granular. The grains were irreguIar in shape with the longest 
dimension being for the most part  between 10 and 50 microns. Bo attempt was made to 
determine if the grains had a crystalline micro-structure. An optical image could be formed 
by reflection from the silver deposit; however, the quality was poor. 
The force ratio, R , shows remarkably little variation with the kind of incident particle, 
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either as a function of angle, 6 ,  or source temperature. Individual data points were 
reproducible to within 1 percent, whereas the scatter reflects changes in the surface with 
time and differences between one deposit and another. Since no systematic change could be 
discerned from one condition to another, all the data a r e  presented on a single plot and the 
points averaged out by a single curve. 
The fact that R i s  quite insensitive to the nature of the incident particle suggests that @ 
momentum exchange is determined more by the topology of the surface rather  than by the 
intrinsic particle-surface properties. Gold surfaces, on the other hand, exhibit quite the 
opposite behavior. 
The variation of R with @ i s  given for argon (see Figure 12) a t  two different source tempera- @ 
tures. Here the broken lines represent  the case of complete accommodation with diffuse 
reflection a t  the corresponding temperatures. It  can be seen that a t  the higher temperature 
R departs significantly from the diffuse case both a t  normal and grazing angles. @ 
The data for argon (Figure 13) incorporate the resul t s  of three runs  conducted a t  different 
times and with different surfaces. The data for the other angles of incidence were obtained 
from a single run. In this figure, the broken lines a r e  the calculated values of R and R 
0 75 
for the case of a cosine scattering distribution with complete thermal accommodation. The 
krypton data (Figure 14) follow a trend observed in previous experiments, namely, the R 
0 
0 
values pass through a broad maximum around 1500 K. Here again the broken lines corres-  
pond to  complete accommodation with diffuse reflection. The general behavior of R with the 
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incident angle (Figure 15) shows that the argon interaction i s  decidedly more specular than 
for krypton. This i s  in accord with earl ier  experimental findings. 
Although the entire balance assembly, including the cross-arm and cavity, was grounded 
during the entire experiment, a certain amount of drift characteristic of that caused by 
electrostatic charging was observed. This had no serious effect on the force measmurements 
but did require frequent calibration and null point determinations. The puzzling aspect mias 
how charge was being accuniulated i f  indeed the apparatus was grounded. Subsequent ex- 
amination of the vapor-deposited surface revealed that there was no electrical contact 
between the metallic film and the r e s t  of the balance structure. It turned out that the tabs 
which hold the mica substrate in place cas t  a shadow during the vapor deposition process, 
thus preventing the gold from making contact with ground. 
In a l l  previous runs,  the f i r s t  layer of target material was deposited on the mica substrate 
after the balance was placed in the cryogenic vacuum system. Thus, the initial force 
measurements were always made with a clean surface. The procedure followed for this 
run was to  expose a freshly deposited gold surface to the laboratory atmosphere for 24 
hours prior to installing the apparatus in the main vacuum chamber. By this means a dirty 
surface was generated which i s  hoped would approximate conditions encountered in the pre- 
paration of actual spacecraft components. 
Since the balance could not be removed from the cryogenic chamber for the deposition of 
aluminum, measurements on this material were f irs t  made with the clean surface. Con- 
tamination was effected by bringing oxygen into the system through the beam source. I t  
i s  estimated that a 3-minute exposure to the oxygen beam was sufficient to form an oxide 
layer. 
Force rat io va1ues.a~ calculated from the target and cavity force measurements a r e  pre- 
sented in Table I for two angles of incidence. These a r e  given in chronological order and 
the sequence of surface conditions i s  indicated accordingly. 
Results obtained for the rough, contaminated surfaces a r e  summarized in Table 11. A s  
previously mentioned in the section dealing with apparatus, it was hoped that one or more 
of these surfaces would be sufficiently accomn~odating to provide a substitute for the 
cavity structure. 
4 . 1  FLUX MEASUREMENTS, FLRST SERIES 
These results ,  along with all subsequent data reported here,  a r e  given a s  recorded. Cor- 
rections for view factor, e t c . ,  wi l l  be treated in subsequent reports  a s  the analyses a r e  
0 
completed. Target and pressure probe temperatures were maintained a t  320 and 240 K 
respectively throughout the ent i re  run. The large e r r o r  bars  in Figure 16a ref lect  efforts 
to stabilize the system during the preIiminary checkout period. By the time out-of-plane 
nieasurements were  made (Figure 16b), drift  and random fluctuations were considerably 
reduced. In this case,  the out-of-plane measurements  were made a t  an  inclination, 63 , 
C 
of 45 degrees.  By definition, the "in plane" (i. e .  , principal plane) included both the bean1 
axis  and the normal  to  the target  surface formed a t  the point of beam-target intersection. 
This  point of interception i s  by design coincident with the axis  of target  rotation. Out-of- 
plane measurements  a r e  given in t e rms  of $ , the angle formed by the principal plane and 
a line passing through the probe and the point of beam-target intersection. As indicated, 
this t ransverse  plane, in general,  makes an angle O with the target  normal. The distri-  
C 
bution for normal incidence i s  shown in Figure 16.  
All the data in Figure 17 were obtained within a 20-minute interval following the vapor 
0 
deposition of a 300 A layer of gold. The two distributions show the effect of a change in 
source temperature.  Out-of-plane data taken for the low and high temperature ca ses  (@ 
C 
equal to  30 and 50 degrees respectively) a r e  given in Figure 17. As  in the subsequent 
-1 0 
measurements ,  the background p re s su re  did not exceed 10  to r r  a t  any time. Force  
r a t io  measurements  were  a l so  made to determine d rag  for the high temperature case.  
Values for two angles of incidence, 0 and 70 degrees,  a r e  normalized to  that obtained for 
the fully accommodating cavity, F . The ra t ios  F / F  and F /F turned out t o  be 1.085 
c o c 70 c 
and 0,76 respectively. These values a r e  typical of those obtained in the past. They a r e  
included here  to  establ ish the consistance of the force and scattering data. Distributions 
taken hours  after deposition of the gold a r e  given in Figure 18. Data taken a t  a 40-degree 
angle of incidence a r e  shown in Figure 19. At this t ime, the gold surface was 24 hours  old. 
4 .2  FLUX MEASUREMENTS - SECOND SERIES 
A s  a matter  of standard procedure, preliminary measusenients were made with the mica- 
substrate  prior to vapor deposition of the target material .  This  i s  done for purpose of 
calibration and to establish experimental consistency with previous resu l t s  a s  exhibited 
by Figure 20. The argon-iiiica data in Figures 2 1  and 22 were taken i11 connection with the 
force nieasurenients in  Figure 23. The la t ter  i s  included a s  a typical example of the plots 
from which the force ratios a r e  obtained. The values of R and R for this case  a r e  1.02 
0 7 0 
and 0.738 respectively. Nitrogen data (Figures 24 and 25) a r e  also in line with previous 
observations. The data presented in Figure 26 (a) for a source pressure of 40 tor r  were 
completed 15 minutes after deposition of the gold surface. About the same time interval 
was required to  obtain the data for normal incidence, also a t  40 tor r  source pressure.  
The data a t  60 tor r  were taken immediately afterwards. The actual elapsed time, t, is 
noted on this and all  subsequent figures. Figures 27 through 33 present the data taken for 
the balance of this series .  In all  cases the magnitude of the experimental e r r o r  is given 
by the size of the data point circles. 
4 .3  CA LC ULA TIONS AND DISCUSSION 
To calculate a/ from the force data, not only must the incident momentum flux be known 
but also the spatial distribution of the reflected molecules. 
For monatomic molecules there is a considerable body of experimental evidence that those 
in the incident beam a r e  nearly monoenergetic, i. e.  , the spread in velocity i s  very small 
compared to the directed velocity. The total incoming flux of momentum i s  therefore 
where A i s  the cross-sectional a rea  of the beam, m i s  the mass  of each molecule, a. i s  B 1 
the number flux and i .  i s  the average incident velocity. 
1 
When the aperture of the cavity i s  normal to the beam, all  the molecules enter and a re  
thermally accommodated to the wall temperature prior to effusing out. This effusive flow 
c a r r i e s  momentum away a t  the ra te  
where A i s  the area  of the cavity aperture,  @ is the effusive flux and i s  the x-cornpo- 
C C X 
nent of the particle velocity. If the molecules leave the box with a cosine distribution in a, 
then the average velocity i n  the beam direction is just equal to 2/3 where i s  the 
X C '  C 
average of the Maxwellian velocity distributions character is t ic  of the cavity temperature,  
T . The coefficient resu l t s  f rom the integration of a cosine squared function. The net 
c 4 
force, F acting on the box i s  B 
now the conservation of mass  requi res  
Therefore 
Similarly the force on the target surface for the beam a t  manual incidence i s  
where h i s  a coefficient dependent on the distribution of scattered particles.  I t  is generally 
accepted that the magnitude l ies  between 2/3 and 1 depending on whether the distribution i s  
cosine or coinpletely specular 
According to the definition of a, we have 
-2 -2 
Ti - Tr v - v  
- 
i r 
a, = T. - T -2 -2 
1 C v - v  i c 
and taking the rat io 
where 
and solving for a we obtain 
For normal incidence (as  implied by the subscript o) and low incident energies, it i s  reason- 
able to se t  h equal to 2 / 3 .  The values of a calculated from the entr ies  in Table I1 a r e  plotted 
in Figure 34. 
The scatter is considerably greater  than in the past, however, i t  is clear that contamina- 
tion causes significant changes in CY for both gold and aluminum. Except for  the interactions 
with the contaminated aluminum, the a, values appear to be remarkably independent of 
source temperature. 
The consistency of previous argon (clean) gold results  makes this interaction a logical 
reference point for the evaluation of the present data. At ambient temperature, the values 
of a, reported here differ very little from earl ier  resul t s  (indicated by the broken line, 
Figure 34). However, with increasing source temperature, T the two se t s  of data diverge 
s' 
rapidly. This behavior suggests that the surface may have been rougher than those generated 
- 5 in the past. Since the initial gold surface was deposited in a bell jar a t  10 to r r ,  there i s  
the possibility that the resulting structure might differ from those laid down in the cryogenic 
environment a t  10-lo tor r .  As we have noted in past reports ,  any roughening of the surface 
has a profound effect on a ,  both in magnitude a s  well a s  the slope, A ~ / A T ~ .  In any event, 
the accommodation coefficient for argon i s  decidedly greater (for contaminated gold). On 
the other hand, the N -Au results  a r e  very puzzling in that they exhibit very little sensitivity 2 
to contamination level. One conjecture i s  that the effect of contamination on a is masked by 
surface topology. But why this should be more effective for nitrogen than argon is  an open 
question. 
The results  of the rough surface measurements a r e  listed in Table 111. The thermal accom- 
modation coefficients for argon (assuming diffuse reflections) range from 0.848 to 0,989 
for the two source temperatures. 
2 6 
It  is not the actual value of a, which i s  important but rather  there is a significant departure 
from unity for these rough, contaminated surfaces. This is contrary to the general a>ssump- 
tion that such surfaces should be fully accommodating. Similar behavior has also been noted 
for the interaction of argon and krypton with a rough silver surface. 
Concerning Figure 10  we have no explanation for the functional differences between the Kr 
and Ar curves, in particular why the Kr curve should have a negative curvature. The fact 
that the magnitude of a i s  greater  for Kr then A r  is significant in itself and is in accord 
with previous data. On the basis of these and a l l  previous data, certain general statements 
can be made for gold targets,  i. e .  , : 
1. Even a t  relatively low incident energies a and a, a r e  substantially less  than unity. 
2 .  Both a, and 0~ a r e  strongly influenced by temperature. The nature of the dependence 
i s  not clear especially since the surface structure i s  unknown. 
3. For a given source temperature, the magnitudes of the normal momentum and 
thermal accommodation coefficients both increase with the molecular weight of 
the incident particles . 
4. From the measured values of Rg , i t  is apparent that the flux distribution of 
scattered particles cannot have a cosine distribution. This follows from the fact 
that, on the average, the scattered particles leave the surface in a direction 
forward of the surface normal. 
5. The above behavior becomes more pronounced a t  greater  angle of incidence and 
with higher incident particle velocities. 
6. The assumption sometimes introduced in theoretical treatments that the tangential 
momentum component i s  preserved i s  not valid a t  these low energies. Such an 
assumption is completely incompatible with all  data so  far obtained. 
Thermal accommodation versus temperature calculations based from the data given in 
Figure 11 a r e  given in Figure 35. 
The a-temperature relationships thus determined exhibit a puzzling feature for both argon 
and krypton, namely they both increase rnonatonically with temperature. In general, current 
theories predict that a should f i r s t  decrease with temperature and then pass through a 
minimum before rising. Such has been the behavior with gold a s  described in our previous 
reports.  
From simple geometrical considerations i t  is possible to construct a model which can 
account for the rising a-temperature behavior. Assume that the other surface has c ross  
sections of the type suggested in Figure 36. The surface of an individual grain i s  taken to 
the flat but the boundaries consist of trenches (A) and/or sudden changes in elevation (B), 
each being associated with sloping sides. From resul ts  obtained from gold surfaces, we 
have learned that with increasing incident velocity the spatial distribution of the reflected 
particles becomes lobular and the average flux vector moves away from the surface normal 
Referring back to Figure 36, we see  that a certain fraction of the scattered flux from an 
element of the incident beam will be intercepted by an adjacent wall. The particles under- 
going one local encounter* will be associated with some energy accommodation, a. Those 
1 2 
striking the adjacent wall will rebound with an effective coefficient a, = 1-(1-0) . Thus, 
1 
to a f i r s t  approximation, the net accommodation coefficient is a* = a, (1-f ) + f a, where 1 1  
f is the fraction undergoing a second collision with a neighboring surface. According to 1 
this model, a s  the incident velocity increases a larger fraction will make a second collision 
s o  that f will increase. Although a, may decrease with incident energy according to theory, 1 * 
i t  is still1 possible for f to increase rapidly enough to mask this effect. Thus a, = a (1-f ) 1 1 
+ f [I-(1-a)2 ] can increase monatomically. This purely phenomenological argument is 1 
advanced to illustrate that a reasonable explanation of the gross  behavior is possible without 
resorting to basic atomic interaction details. 
The thermal accommodation coefficients (see Figure 37) calculated for normal incidence 
from Figure 11 exhibit the same characteristics noted in previous experiments. The repro- 
ducibility of both the krypton and argon data establishes confidence in the experimental pro- 
cedure and provides a convenient reference. The flux data presented in Figures 16 through 
33 will not be commented upon individually, however, certain general observations may be 
made, i .e . :  
I. Lobular patterns a r e  observed in the principal plane. 
2. These a r e  found to be sensitive to incident particle energy and to the age of the 
surface. 
3. The force, measurements a r e  consistent with the scattering data. 
4. In many cases the flux distribution for normal incidence departs from a cosine 
relationship. The observed flattening could account for values of R being l e s s  
0 
then unity. 
The significance of the resul t s  tabulated for rough, contaminated surfaces (Table 111) i s  
that i t  may indeed by very difficult to produce a r ea l  surface having unit accommodation, 
particularly for a wide range of incident particle energy. This has many practical impli- 
cations, e. g. ,  in the laboratory we must continue to make use of the cavity or momentum 
t rap  a s  a reference measurement. 
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TAELE I 
T. 
1 
T *  
C C o ~ n m e n t s  In te rac t ion  - Angle of % R  
Incidence 8 (OK) (OK)  
A r  -, m i c a  279 240 o0 0. 98 
A r  * m i c a  279 240 o O 0. 96 
A r  -) m i c a  279 240 72' 0. 71 
A r  -, Au 279 240 o0 1.00 F i r s t  Gold Deposi t  
Second Gold Deposi t  
T h i r d  Gold Deposi t  
Notes  
* Since  the  the rmocouple  c i r c u i t  was  open an  e s t ima t ed  value of T c  i s  used.  
T h i s  e s t i m a t e  is ba sed  on extrapola t ion of data  obtained f r o m  previogs  runs .  
For tuna te ly  t h e  value of a i s  re la t ive ly  insens i t ive  to  the  squa re  roo t  of the  
r a t i o  of T c t o  Ti. 
T h e  ang le  of incidence i s  m e a s u r e d  f r o m  the  su r f ace  normal .  
d 
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TABLE II 
Interact ion Source 
I Ar-Au 
N2-AU 
Ar-Au 
N -Au 2 
Ar-Au 
N2-Au 
N -Au 2 
NOTE: 1 )  Condition A - contaminated gold 
B - clean gold 
C - c lean  aluminum 
. D - aluminum exposed to oxygen 
0 
2) T a r g e t  t e m p e r a t u r e  243 K throughout 
The average values of the force ratio, X = Fo/Fc*, are tabulated below: 
TABLE III 
Source Target 
Temp. Temp. Target Material 
Gas (OK) (OK) - A1 Brass Mica BeCu 
P - 
Ag Paint 
Argon 288 164 1.036 1.028 1.02 1.03 1.025 
1653 164 1.013 --- -- 1.028 -- 
Nitrogen 288 164 1.012 1.042 1.033 1.01 1.038 
572 164 1.013 -- --- 1.128 
* Fo is the  force on  the test surface and F, is the force on  the cavity. 
SECTION 5 
CONCLUSIONS 
The results of this investigation show that, in general, particles scattered f rom either 
clean o r  contaminated noncrystalline surfaces do not have a cosine spatial distribution. 
At grazing angles of incidence, the tendency to a lobular pattern increases both with inci- 
dent energy and increasing angle of incidence. This behavior is consistent with momentum 
transfer o r  drag measurements on the tes t  surfaces. Even at normal incidence, the flux 
distribution i s  found to be noncosine. 
The flattening which was observed may account for the fact the values of R l ess  than unity 
0 
were occasionally measured. In all  cases,  the lobular distributions became less  pronounced, 
i. e. , more cosine like, with surface aging. 
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